Many cortical areas increase considerably in size during postnatal development, progressively displacing neuronal cell bodies from each other. At present it is unclear to what extent this requires remodeling of neuronal circuits. Here, in acute and chronic experiments, we study the layout of ocular dominance columns (OD) in cat primary visual cortex (V1) during a period of substantial postnatal growth. We nd that OD columns reorganize such that the spacing between columns is largely unaected, despite a considerable size increase of V1. We show that the observed mode of reorganization can be explained by a fundamental mechanism of growth induced reorganization inherent to a very general class of models of activity-dependent formation of OD columns. Our work suggests that cortical circuits remain plastic for an extended period in development in order to facilitate the modication of neuronal circuits to adjust for cortical growth.
I. INTRODUCTION
The brain of most mammalian species grows substantially during postnatal development. The human brain, for instance, weighs on average 350 g in newborns and 1400 g in adult males [1] . In cat, the neocortical volume increases from ≈ 1000 mm 3 at birth to ≈ 4500 mm 3 in adulthood [2] . Consistently, the surface area of cat primary visual cortex (V1) increases postnatally by 130%
between week 1 and week 15 [3] . The number of neurons remains largely constant during this period [4] . Most of the area increase is due to the generation of glial cells, the addition of more vasculature and connective tissue, and the myelinization of axons; to a lesser extent it also reects the outgrowth and elaboration of axonal and dendritic processes [5] .
It is likely that such substantial cortical growth induces remodeling of neuronal circuits. The size increase of cat V1 implies that the distance between any two neuronal cell bodies grows on average by ≈ 50% during early postnatal development. Consequently, synaptic connections between cortical neurons that are established early in development must be either replaced, or dendritic and axonal processes must grow by a similar factor in order to preserve these connections. However, such morphological changes, albeit subtle, can modify the temporal properties of neurons. For instance, signicant dendritic growth of a pyramidal neuron in cat visual cortex could induce delays in dendritic integration [6] on the order of a millisecond assuming a lateral dendritic spread of ≈ 300 µm [7] and propagation speeds of voltage changes on the order of 100 µm/ms [8] . Moreover, since synaptic plasticity can be sensitive on a millisecond time scale [9] , this might have long lasting eects on synaptic efcacy. These growth-induced changes potentially apply * Electronic address: wolfgang@nld.ds.mpg.de † Electronic address: kaschube@princeton.edu to a large fraction of synaptic connections and thus may aect signicantly patterns of cortical activity.
Much of the growth of V1 takes place during a period when many neurons have already reached fairly mature levels of selectivity. For instance, the selective response of visual cortical neurons to inputs from one eye or the other, called ocular dominance (OD), can already be visualized at postnatal week 2 in cat V1 [10] . OD is organized into columns which can be labeled within the entire V1 as early as week 3 [11, 12] . Large parts of the visual eld are already represented at this time [13] .
Subsequently, between week 3 and week 10, cat V1 increases its size by 50% [12, 14] , a result which we conrm in Figure 1 . In this work, we exploit the fact that OD we study growth induced reorganization theoretically in models for activity-dependent formation of OD columns.
We argue that in a very large class of models cortical growth induces a characteristic zigzag-like bending of OD columns by which their spacing is largely restored. This class contains, to our best knowledge, any model that has been proposed thus far (e.g. [15, 16, 17, 18, 19] ). As a representative of this class, we study in detail the reorganization of OD layouts in dierent growth scenarios in the Elastic Network model [19, 20] . We nd that for wide range of growth rates, the growth induced reorga- II. RESULTS
OD Column Spacing Changes Only Little During Postnatal Growth of Primary Visual Cortex
We rst measured the size increase of cat primary visual cortex (V1) during early postnatal development. We The range of our entire data set compared with the time line of cat postnatal development is displayed in Figure  1b . V1 was readily discernable by its distinctive columnar activation pattern in comparison to the labelling in surrounding cortical areas (see also [21, 22] ). We observed a size increase of about 30% between two groups centered at PD30 and PD70 (r = 0.6248, p < 0.006) (Fig. 1b) . To minimize possible inuences of genetic variability [23] , we analyzed a littermate couple on PD30
and PD72 respectively (green crosses in Fig. 1b) . Con- sistently, their cortical sizes also diered by an even larger factor of 1.46. Hence, our analysis conrmed the considerable size increase of V1 during early postnatal development observed in previous studies [3, 12] .
Given this size increase of V1 during the rst postnatal weeks, we next asked whether the spacing of OD columns increases by a corresponding factor over this time period.
Such a nding would be consistent with a scenario that involves no change of column number or layout (sometimes referred to as balloon eect [12, 24] ). First, we measured the mean column spacing Λ of 2-DG/proline labelled OD patterns in N = 41 hemispheres (2-DG, N = 37; proline, N = 4) between PD28 and PD98 (data includes the N = 18 hemispheres used for the analysis of V1 sizes). To obtain accurate estimations of column spacings, we used a wavelet-method that exhibits a precision of 2% (relative error, see [23, 25] and Methods).
As shown in Figure 2a , mean column spacings varied between 1.05 mm and 1.28 mm, but did not show a signicant increase over this period (r = −0.034, p < 0.825).
Consistent with this general trend, the column spacings of the two littermates diered by less than 10%, despite a size dierence of almost 50%.
To follow the development of OD column spacing in individual animals we visualized OD columns in cat V1 by chronic optical imaging experiments over the same period (N = 3 hemispheres, total range: PD30-PD94). Figure  2b shows the layout of OD columns at dierent ages in one of the studied cases (data are high-pass ltered, see
Methods). Again, we quantied column spacings of OD columns by the wavelet-method. As shown in Figure 2c , we found no systematic increase of column spacings in individual animals, thus conrming the conclusions drawn from the 2-DG/proline data. Column spacing estimates based on optical recordings exhibited a larger variability compared to the 2-DG/proline data. This might be explained by the substantial interareal variability of OD column spacing [25] and the fact that the recorded regions spanned only a small portion of V1 and possibly shifted with age. Taken together, both the 2-DG/proline data and the chronic optical recordings demonstrate that the postnatal growth of the primary visual cortex is not accompanied by a corresponding increase in the spacing of OD columns.
A Universal Mode of Reorganization
At rst glance, the nding of postnatal cortical growth without a corresponding increase in OD column spacing might seem contradictory. However, we will show in the following sections that both ndings can naturally be reconciled within a very large class of models for activitydependent formation of OD columns.
In most models (e.g. [15, 16, 17, 18, 19] ), the segregation of OD columns is caused by a Turing mechanism [26] , also called nite wavelength instability [27] . Typically, ing systems as, for instance, Rayleigh-Benard convection, when these systems experience an instantaneous isotropic size increase [27] . The result of a ZZ instability can be best understood by considering a simple pattern of OD columns consisting of alternating stripes (Fig. 3a) . After an isotropic area increase, the spacing between the OD stripes is larger than the spacing set by the Mexican-Hat. Subsequently, the structure rearranges in a sinusoidal fashion: A zigzag-like bending occurs by which the original spacing is largely recovered, locally. Figure 3b illustrates this in Fourier space. The initial stripe pattern is described by a wave ∼ e ikmaxx with spatial wavenumber k max = 2π/Λ max . Upon area increase, its wave vector diers by an amount δk < 0 from k max , i.e. the spacing is larger than Λ max . Two new Fourier modes grow with wave vector (k max + δk)x ± q yỹ representing the parts of the OD stripes bended to the left and right, respectively (Fig. 3a) . The diagram in Figure 3c shows the region of the ZZ instability as a red shaded region in the r-δk plane, where r is the control parameter of the system expressing the distance from the primary (Turing) instability (for a more detailed description, see Methods). The diagram also shows that insertion of a new stripe or elimination of an existing stripe requires strong area increase or decrease, respectively (the regions of Eckhaus (EH) instability). The form of this diagram is quite general. It is typical of all rotationally invariant systems that exhibit a Turing instability and it does not reect the details of the underlying microscopic equations [27] .
Thus, for all models of OD formation that are rotationally symmetric and based on a Turing mechanism, we expect to observe a reorganization of columnar layouts upon isotropic area increase that shows signatures of ZZ instability. Most models that have been proposed (e.g. [15, 16, 17, 18, 19] ) fall into this class. In the following, we focus on one of its representatives, namely the Elastic Network (EN) model [19, 20, 28] . This model has been widely used to describe the formation of visual cortical selectivity patterns and here serves as a concrete example for studying in detail growth induced reorganization.
Since in a realistic growth scenario the cortex increases continuously in size and the initial OD layout is not a simple stripe pattern, the growth induced reorganization may be more complex than an ideal ZZ instability. However, we expect that the reorganization of OD layouts still shows signatures of a ZZ instability such as sinusoidal bending or distortion of local pattern elements.
For simplicity, we refer to all growth induced changes as ZZ reorganization in the following. To capture quantitatively changes in local map layout both in model and experiment we calculate a parameter called bandedness α [23] that quanties the tendency of local pattern elements to be composed of parallel stripes (see Methods and (Fig. 2a, c ), most models [15, 16, 17, 18, 19] predict a zigzag (ZZ) reorganization that induces sinusoidal bending of domains (schematic). This is a simple mechanism by which the OD stripes can recover their column spacing Λ1. (a) During isotropic area increase, an OD stripe pattern transiently acquires a spacing Λ2 = Λ1 + δΛ, larger than Λ1. By the ZZ reorganization, the system locally recovers a scale Λ3, roughly equal to the initial spatial scale Λ1. (b) In Fourier-space, the initial OD pattern is centered at kmaxx. δΛ > 0 equals to a shift δk < 0. Recovery of the initial spacing corresponds to the growth of new Fourier modes at (kmax + δk)x ± qyỹ with ((kmax + δk) 2 + q For − √ r < δk < − p r/3 these two regions overlap (striped region). Note that the ZZ instability occurs for an arbitrary small area increase. Note also that the ZZ instability is the generic behavior for 2-dimensional isotropic dynamics with linear Mexican-Hat type interactions under the inuence of isotropic area increase.
Development of OD Columns in the Elastic Network
Model Without Growth
The Elastic Network (EN) model [19, 20, 28, 30] 
where 
only depending on the absolute value |k| = k (Fig.   4a ). The amplitude of any small perturbation containing a Fourier mode with wave vector k will evolve ∼ exp(λ(k)t), and therefore spatial frequencies with λ(k) < 0 are exponentially damped, whereas those with λ(k) > 0 grow exponentially (shaded region in Fig. 4a ). For sufciently small σ, λ(k) exhibits a positive maximum at r(σ, η) = λ(k max ), where k max > 0. Thus, the maximum will be at some nite wavelength Λ max = 2π/k max which is characteristic for a Turing instability (see also Supple- In agreement with previous work [19, 20] , a structure strongly resembling the OD patterns observed in cat V1
emerges after a few time steps (see Fig. 1a, Fig. 4b ).
As a measure of the average cortical selectivity, we mon-
shows a rapid increase during the rst 10τ and saturates thereafter (Fig. 4c) Finally, we calculate the bandedness, α, which quanties the tendency of OD domains to form elongated parallel stripes (see Methods for details). In all our simulations, the initial phase of OD segregation is followed by a long stage of slow rearrangements leading to progressively more stripe-like OD layouts. This behavior is captured by a monotonically increasing bandedness, α, (Fig. 4f ).
In fact, we numerically nd that OD stripes, for which the bandedness α is maximal, are stable solutions of the EN model. We do not nd any other stable solution.
Zigzag Reorganization in the Elastic Network Model
Next, we directly tested our hypothesis that the EN model shows a ZZ reorganization upon isotropic area increase. As a rst step, we considered instantaneous changes in domain sizes. We initiated simulations with a sine wave pattern ∼ sin(k max x), a state very similar to an attractor of the dynamics ( and NHC reach mature levels around 10τ and exhibit only little variability, the bandedness α increases during the entire time course, expressing the fact that solutions slowly converge towards ideal OD stripes. Furthermore, α-time courses display a large variability, capturing dierences between individual realizations of OD map development.
the ZZ instability, thus conrming our hypothesis that the EN model shows ZZ reorganization upon isotropic area expansions. The mean column spacing Λ exhibits a rapid increase at 10τ , induced by the instantaneous area increase, and subsequently decreases almost to the initial value close to Λ max (Fig. 5b ). This expresses the fact that the ZZ reorganization restores the column spacing locally. Consequently, the number of hypercolumns N HC in the OD map increases (Fig. 5c ). The change in layout of OD columns due to ZZ reorganization is well captured by the drop in the bandedness α (Fig. 5d ).
Next, we examined the degree of ZZ reorganization under various instantaneous size increases. We explicitly traced out the regions of stability sketched in Figure 3c However, no Eckhaus instability (see Supplementary Material) is observed, even in case of considerable area decrease (Fig. 6c ).
In conclusion, this analysis shows that for any arbitrarily small instantaneous area increase (δk < 0, small), the EN model displays ZZ reorganization, evolving on time scales larger than the time scale τ of OD column segregation. This eect is robust against a variation of r and is, therefore, the generic behavior of the EN model with instantaneous area increase.
Realistic Growth Scenarios
What specic conclusion can be drawn from these theoretical considerations that can be detected experimen- crosses mark the power spectrum P (kx = kmax, ky). Most power is concentrated around the origin ky = 0, stemming from the initial plane wave, and at two secondary peaks that correspond to the emerging zigzag modes (compare to Fig. 5 ). Red curve is a t of three Gaussians to the power spectrum (Methods). (b) Ratios between the peak height pc of the central Gaussian and height pZZ of the side peaks at dierent time points (black crosses). Red line marks linear t to the logarithm of pZZ /pc in the region of exponential growth. The growth rate of zigzag modes is estimated as the slope. In (c), its inverse, the time scale τZZ , is compared to the intrinsic time scale τ of OD segregation for a large set of (δk, r)-values. ZZ reorganization was observed for all simulated r > 0 and δk < 0. For small increases in area size, reorganization grows on time scales τZZ much larger than the intrinsic time scale τ . For considerably large area increases, time scales τZZ as low as 2τ are observed. In the grey region, the original pattern decays and a new OD pattern segregates (pattern plowing). Since simulation time diverges for r → 0 (Methods), no simulations were carried out in the white region close to r = 0. To systematically explore how the reorganization depends on the growth rate and the control parameter, r, we quantify the decrease in bandedness for various r and total size increases (50 simulations per data point) ( to < 6% for non-growing systems. For smaller values of r the drop is more pronounced. Interestingly, the average drop in bandedness depends only weakly on the total area increase (Fig. 8c) . Thus, even moderate growth induces substantial reorganization of OD layouts as compared to the non-growing system. Perhaps surprisingly, the duration ∆t, i.e. the time for which α monotonically decreases, is largest for small total area increases. (Fig.   8d ).
Reorganization of OD columns During Growth in Model and Experiment
Finally, we looked for signatures of ZZ reorganization in experiment and compared it to the model predictions.
We quantitatively analyzed the 2-DG/proline autoradiographs by assessing column spacing Λ, number of hypercolumns N HC , and bandedness α, and compared the time courses of these values with those obtained in our simulations. As outlined above, our simulations of OD segregation together with experimental data [10, 11] we used 60% linear extension between t = 0 and t = 100τ
corresponding to an area increase of 156%. Similar results were obtained when dierent growth rates are used (see Fig. 8 ) or when growth was sublinear or logistic (see Supplementary Material). Despite its large area increase, the growing system displays only a mild and transient increase in Λ, implying a strong increase in NHC . Note that also a continuous increase of area induces reorganization of OD layouts that shows the characteristic features of the zigzag reorganization. follow OD development in individual animals. We analyzed the layout of OD columns with high precision using a wavelet method [23, 25] . We observed no systematic dierences in layout between 2DG and proline labelled columns [25] . In accordance with [3, 12, 14] we found a signicant postnatal growth of V1 of about 30% over the considered period (Fig. 1 ), but no corresponding increase in column spacing Λ (Fig. 2) . (Fig. 7, 8 ). All three features are consistent with our experimental observations (Fig. 9) . Indeed, assuming one day in development is approximately equal to τ , the time scale of OD segregation in the model (since OD columns are observed to segregate within a few days [10, 11] Only very few studies have examined the relation between postnatal area increase and the spacing of cortical columns, and have come to contradictory conclusions. In one study [12] , 2-DG labelled OD columns in cat visual cortex between 3 and 10 weeks were analyzed. In line with our results, this study nds no correlation between column spacing Λ and age, despite a considerable size increase of V1. Focusing on an earlier period, a longitudinal optical imaging study of OD columns in single strabismic cat found an increase of OD column spacing between PD27 and PD61 [24] consistent with the slight increase we observe over this period (Fig. 9e) . The only theoretical study of OD development during cortical growth [39] focuses on the 1D Swindale model [15] . This study (Fig.   1c ).
The impressive ability of cortical circuits to reorganize during the critical period has been demonstrated in numerous studies by articially manipulating cortical activity, e.g. by monocular deprivation [34, 35, 36, 37] . Data Preprocessing. All computed dierential maps were preprocessed in order to remove overall variations in signal strength and measurement noise. To achieve this, rst the local average signal strength
was calculated using the Fermi lter kernel K(y) = 1/ 1 + exp (y 2 − hp)/β and subtracted from the pat-
We used β = 0.2 and a cuto wavelengths hp = 1.8 mm.
Then we lowpass ltered the image with a second Fermi lter using a cuto wavelengths of lp = 0.7 mm and β = 0.2. Some of the OD maps of these animals have already been published (see [11, 25] and references therein). OD patterns were labelled with either 2-[ 14 C]-deoxyglucose (2-DG) autoradiography [47] after monocular stimulation of the animals or by [ 3 H]-proline autoradiography after injection of the labelled proline into one eye which labels the thalamocortical aerents of that eye in cortical layer IV [48, 49] . All experimental procedures are described in detail in [21, 22, 50] . A list of the dataset as well as a description of the preprocessing is given in [25] .
Data Analysis Method
Column spacing Λ and bandedness α of both, data and simulations, were analyzed using the wavelet-method introduced in [23] .
Estimation of Column Spacing
For each OD pattern I(x) we calculated a wavelet representation, using wavelets which covered only a few hypercolumns but exhibited a strong periodicity. These representations were obtained from
where x, θ, l are the position, orientation and scale of the wavelet ψ x,θ,l andÎ (x,θ, l) denotes the array of wavelet coecients. We used complex Morlet wavelets dened by
where Ω(θ) = cos θ − sin θ sin θ cos θ is the two-dimensional rotation matrix.
The characteristic wavelength of a wavelet with scale l is Λ ψ l with Λ ψ = 2π/|k ψ |. σ denotes the anisotropy of the wavelet. We used relatively large (k ψ = (7, 0)) isotropic wavelets to estimate local column spacing Λ(x). |Î(x, θ)| 2 is strongly modulated and exhibits a pronounced peak. The sinusoidally bended stripes lead to a broader θ-dependence and a less pronounced peak. This dierence is captured by the bandedness parameter α.
equally spaced orientations and 16 scales l j between 0.5 mm and 2.0 mm.l(x) was then estimated as the maximum of a polynomial of 6th degree in l, tting theĪ (x, l j ) (least square t) for a given position x. Based on the local column spacing Λ(x) we calculated the mean column spacing Λ = Λ(x) x and the number of hypercolumns in a given area A, N HC = A/Λ 2 . Here and in the following, · x denotes the average over V1 or the simulated domain.
Estimation of Local Bandedness α The orientation dependence of the wavelet coecients was used to calculate a parameter measuring the anisotropy of local pattern elements as shown in Fig. 10 . For a pattern consisting of elongated bands, the magnitude of the wavelet coecients depends strongly on the wavelet orientation and is largest if the orientation of the wavelet matches the orientation of the bands (Fig. 10a, c) . For a pattern consisting of more bended stripes or isotropic patches, the wavelet coecients depend only weakly on the orientation of the wavelet (Fig. 10b, d ). Using only wavelets with local wavelength Λ(x), we therefore calculated
We dened the local bandedness as
where K(x) = Parameter Range of ZZ instability
The stability diagram shown in Fig. 3c is very general, applying to the class of two dimensional translation and rotation symmetric systems in which the pattern forming process is based on a Turing-mechanism [27] .
Assuming a plane wave solution A(x, y, t)e ikmaxx , close to the Turing-instability its behavior is governed by the Newell-Whitehead equation [51] 
were r is called the control parameter of the system.
The form of eq. (6) is independent of the microscopic details of the instability mechanism [27] . Inserting the ansatz A = |A|e i(δkx+φ0) , yields a uniform solution |A| = √ r − δk 2 as long as |δk| < √ r. The wavenumber of this solution diers by an amount δk from k max , i.e., their characteristic spacing is either smaller or larger than Λ. Linear stability analysis yields the behavior of this solution depending on the control parameter r and the dierence in wave vector δk [52] . Considering general perturbations of the form δA ∼ e iqyy e iqxx , the uniform solution is found to be unstable against perturbations with q x = 0 as soon as
This denes the domain of the ZZ instability (red shaded regions Fig. 3c ). In contrast, for q y = 0 the uniform solution is only unstable if |δk| > r/3. This is the domain of the so-called Eckhaus instability (EH; yellow shaded regions in Fig. 3c 
Linearization of the Elastic Network Model
First, we demonstrate that the homogeneous nonselective state o hom (x) ≡ 0 is a stationary solution of eq. (1) [28]. Inserting o hom (x) ≡ 0 into eq. (2) yields
After averaging over the ensemble of stimuli with normalized uniform densities ρ r and ρ so , we obtain
This shows that o hom (x) ≡ 0 is a xed point of the dynamics in eq. (1). The stability of this xed point can be studied by linearizing the r.h.s of eq. (1) [18, 28] ,
Assuming a uniform stimulus density ρ sr across the cortical surface this results in
o(y) .
Note that the linearization is only governed by the vari- Next we rescaled the system length to L 0 +δL (no change in number of grid points), where
is determined from the desired value of δk/k max , thereby increasing (δL > 0) or decreasing (δL < 0) the total area size covered by the OD pattern. Accordingly, we adjusted the number of stimuli, N s , and, since ∆ ∼ 1/L To estimate time scales τ ZZ of the ZZ reorganization,
we monitored the growth of the two ZZ modes over time (see Fig. 6a, b) . Similarly, after an isotropic area decrease, the spacing between the OD stripes is smaller than the spacing set by the Mexican-Hat. Subsequently, a fraction of the OD stripes is removed and the original spacing is eventually recovered (Fig. 12c) . Figure 12d and 80% between t = 10τ and t = 110τ (corresponding to isotropic total area increases of 44%, 96%, 156% and 224%). Columnar layouts generally showed reorganization on similar timescales and the reorganization was more irregular when compared to the scenario of instantaneous area increases (Fig. 13c, d) . In all simulations, column spacing Λ exhibited a transient increase before the onset of reorganization followed by a decreased towards the initial value (data not shown (c) During isotropic area decrease, the OD pattern transiently acquires a spacing Λ2 = Λ1 + δΛ, with δΛ < 0. By removal of stripe the system recovers a spacing Λ3, roughly equal to Λ1. (d) In Fourier-space, δΛ < 0 corresponds to a shift of δk > 0.
, with δΛ > 0. The initial spacing is recovered by the growth of new Fourier modes at the center of the original pattern, i.e. ±kmaxx. Note that insertion/removal of columns requires strong area increase/decrease, a regime not expected to be relevant during continuous growth.
stantaneous area increase and realistic growth scenarios for complex OD patterns similar to the OD layouts in young kittens.
Dierent Scenarios for Realistic Cortical Growth
We tested three dierent simulation protocols to approximate the postnatal growth of cat V1 (see Fig. 14a In every protocol, we increased the linear extent of the simulated region by a xed amount (20%, 40%, 60% and 80%) between t = 0τ and t = 100τ This corresponds to isotropic total area increases of 44%, 96%, 156% and 224%. Note that according to [3] the area of cat V1 increases between week 1 and week 12 by approximately 150% percent. Simulations of OD development with different growth protocols yielded qualitatively similar results. Linear and sublinear increases described virtually identical growth scenarios ( Fig. 14a, b) and provided a reasonable t to the data on V1 growth shown in [3] . 
